The Marshfield comprehensive genetic maps are frequently used for linkage and association studies, however, for some regions of these maps the marker order has low level of likelihood ratio support. In order to investigate the level of statistical support and the accuracy of the genetic maps compared to sequence-based physical maps, two F30 cM autosomal regions were selected. The first region was selected from chromosome 3 and consisted predominately of draft sequence. The second region was selected from chromosome 21 and consisted of finished sequence data. The physical order of these markers was based upon their position on Celera (CEL) and Human Genome Project-Santa Cruz (HGP-sc) sequence-based physical maps. The chromosome 3 and 21 regions contained 100 and 61 markers, respectively, on the Marshfield genetic map. The genetic and physical map order was consistent for 88.9 and 89.2% of the markers in the region on chromosome 3 and 21, respectively. Using a novel scoring criterion to assess inconsistent marker order between genetic and physical maps, it was determined that the physical order was likely the correct order for 3.3 and 7.1% of the markers in the chromosome 3 and 21 regions, respectively. To increase the accuracy of the order of markers selected for fine mapping a method is presented which combines information from genetic and sequence-based physical maps.
Introduction
Genetic maps play an important role in gene mapping. Errors in genetic maps can hinder the mapping and isolation of genes for complex and Mendelian traits [1] [2] [3] . The position of markers on commonly used genetic maps (e.g. Marshfield, CEPH, CHLC) are based upon a limited number of meioses [4] which can lead to incorrect order of marker loci and poor estimates of recombination fractions [5] . The problem of markers being incorrectly ordered is a particular problem for closely linked markers where there is a low order of support for their relative map position [6] . This problem is most evident when genetic maps are used for fine mapping since closely spaced markers must be utilized. For linkage studies, inaccurate recombination fractions will lead to loss of power and can bias the map position for the trait locus [1, 7] . The effect of errors in genetic maps becomes increasingly serious as more marker loci are analyzed jointly [3] .
In the near future the sequence-based order of markers will be known without error, however, this information will not elucidate the rates of recombination within specific regions. Recent efforts have been made to create integrated maps of chromosomes 21 [8] and 22 [8] [9] [10] which utilize information from various marker maps (i.e. sequence-based physical maps, genetic maps, radiation hybrid maps). This integration effort begins to answer more biological questions as to what influence recombination rates and will ultimately lead to more accurate genetic maps.
The majority of investigators choose their markers for fine mapping from published maps selecting those markers that permit the smallest genetic map distance between markers. The order of the markers which are selected for fine mapping are not always supported by a likelihood ratio criterion 63. A likelihood ratio 63 is the standard criterion for generating framework genetic maps, however, the likelihood ratio support for comprehensive genetic maps can be much lower [6] . Selecting markers whose order is neither supported by a likelihood ratio criterion of 63, nor by the sequence-based physical map order can lead to misspecification of the order of markers in linkage analysis.
It was previously shown for Marshfield panels 9 and 10, which consist of genome scan markers spaced F10 cM, that the genetic order for these markers not only had high statistical support but their order was also substantiated by the sequence-based physical maps [11] . This article investigates the frequency of errors in marker order for a commonly used comprehensive genetic map. The Marshfield genetic map [12] (http://research.marshfieldclinic.org/genetics/) is compared to two sequence-based physical maps Celera (CEL) [13] (http://www.celera. com/) and Human Genome Project-Santa Cruz (HGP-sc) [14] (http://genome.cse.ucsc.edu/). In addition, the level of likelihood ratio support is calculated for the Marshfield genetic map by comparing it to alternate orders. This comparison is made for two F30 cM regions which were selected from a region that consists predominately of draft sequence (chromosome 3) and a second region that consists of finished sequence (chromosome 21). When there is an inaccuracy in the order of markers between genetic and physical maps, in most cases it is possible to elucidate whether the error occurs in the genetic or sequence-based physical map. To increase the accuracy of maps used for fine mapping, a method is demonstrated which combines information from genetic and sequence-based physical maps.
Methods
All short tandem repeat (STR) polymorphism markers in a F30 cM region contained in the Marshfield Center for Medical Genetics genetic maps on chromosomes 3 and 21 were selected. Markers whose intermarker genetic distance was 0 cM were considered to be within the same interval. Markers within these intervals were reconfirmed to be completely linked to each other (i.e. zero recombination events observed between these markers) using the web-based MAP-O-MAT program [15] (http://compgen.rutgers.edu/ mapomat/) by comparing the Marshfield genetic order [12] to multiple alternative orders. For each interval, all alternative orders of the markers were equally likely. Since it is not usually possible to obtain a unique order for these markers through genetic mapping, these markers were ordered based upon their HGP-sc sequence-based physical map order.
In order to localize the markers that are within the two F30 cM regions on chromosomes 3 (100 markers) and 21 (61 markers), a search was carried out using both marker and primer name(s) in the HGP-sc and CEL databases. The HGP-sc contains 2.9 Gb in 6,094 non-redundant sequences and had an assembly date of April 2001. The CEL database is Celera Genomics' 'Human Sequence D' which represents 2.9 Gb in 54,061 sequences with a release date of February 2001. These data were obtained through an academic license for the Celera database.
In order to identify the physical position of additional markers not listed on the HGP-sc physical map, assembled sequence data was downloaded from the Santa Cruz database and electronic PCR (e-PCR) [13] was used to map the primers for these markers onto the assembled genome sequence by providing left and right PCR primers and expected product length. In order to maximize the number of markers to be placed on the assembled sequence map, six runs were carried out for each marker permitting for differences in the number of base pair mismatches (n = 0, 1, 2) and deviations in the product size (m = 50, 1,000 bp). The word length was set to its default value of 7. No additional chromosome 3 region markers and 4 (6.6%) of the chromosome 21 region markers could be placed on the sequencebased physical map using e-PCR. This procedure could not be performed on the CEL assembled genomic sequence as e-PCR is not available at this site and assembled sequence data could not be obtained.
It is not possible to make direct comparisons of the positions of the markers on the HGP-sc and CEL sequence-based physical maps, but only of their relative order. This is due to the way gaps in the assembled sequence data are treated. Both HGP-sc and CEL insert Ns to represent gaps. HGP-sc generally uses strings of 100 Ns to represent gaps, while CEL uses different lengths of Ns to represent the estimated size of the gaps [17] .
When the Marshfield genetic map and the sequence-based physical map (CEL and HGP-sc) orders were inconsistent, the likelihood ratio was calculated by comparing the Marshfield genetic order [12] with the order obtained from the sequence-based physical maps. The likelihood ratios were obtained using the web-based MAP-O-MAT DeWan/Parrado/Matise/Leal program [15] . MAP-O-MAT implements many features of the CRI-MAP program [18] In order to determine where errors occur and the most likely correct marker ordering, each marker was scored according to the criteria in table 1. The scoring criteria uses information on position on physical and genetic maps and likelihood ratio support for a given genetic map position. It should be noted that the likelihood ratio was only calculated when the physical map(s) suggested an alternative marker ordering. When marker orders agreed between the physical and genetic maps, the likelihood ratio was not calculated and the marker was scored as genetic and physical maps consistent and therefore the order is probably correct. For each marker it was determined whether the genetic and physical maps were consistent (B), the genetic map was highly suggested (G), the physical map was highly suggested (P), inconclusive, but the genetic map was suggested (Ig), inconclusive, but the physical map was suggested (Ip), inconclusive (I) or position information was absent from both physical maps (A).
In order to select markers for fine mapping from the F30 cM region on chromosome 3, a marker was selected from each interval. When there were multiple markers within an interval the following criteria was used to select one marker. First the position of the marker was corroborated by sequence-based physical position and secondly the marker in the interval with the highest heterozygosity obtained from GDB (http://www.gdb.org/) or MAP-O-MAT was selected. In order to verify the order of the markers, MAP-O-MAT was used to calculate the likelihood ratio by comparing the Marshfield map order [12] to all orders created by permuting marker orders in 4-tuples.
Results
The order of genetic markers in two F30 cM regions was compared to their sequence-based physical map order. A marker scoring criteria was developed to elucidate where errors occur and establish the most likely correct marker order (table 1) . For the 100 markers in the chromosome 3 region, 61 were localized on the CEL and 89 on the HGP-sc physical maps (table 2) . Of these markers, 58 were found both on CEL and HGP-sc physical maps. The position of eight markers was inconsistent between the CEL physical map and the genetic map. All eight of these markers were localized on the HGP-sc physical map and the position of four of the markers was also inconsistent between the HGP-sc physical map and the genetic map. The HGP-sc physical map and the genetic map marker order were inconsistent for eight markers. Of these eight markers, six were also localized on the CEL physical map and four of these six markers were also inconsistent on the CEL physical map. For the eight inconsistent markers on the CEL physical map, four were supported by a likelihood ratio of 63 in favor of the genetic order. Likewise, the same was observed for HGP-sc, four of eight inconsistent markers were supported by a likelihood ratio of 63 in favor of the genetic order. There is one example where on both the CEL and HGP-sc physical maps the position for a marker (i.e. D3S3717) is different from that on the Marshfield genetic map, however, the genetic map order is supported by a likelihood ratio of 63 when compared to the sequence-based physical map order. Likelihood ratio data for the region on chromosome 3 can be found in table 3 along with primer name, map distances, physical map position on CEL and HGP-sc, score and heterozygosity.
For the 61 markers in the chromosome 21 region, 47 were localized on the CEL physical map, 60 on the HGPsc physical map and 46 on both physical maps (table 2) . Six and eight markers were inconsistent between the genetic map and the CEL and HGP-sc physical maps, respectively. All of the six inconsistent CEL markers were localized on the HGP-sc physical map and five of these markers were also inconsistent with the HGP-sc physical map. The one marker (D21S1254) that was only inconsistent on the CEL physical map had a genetic position which was supported by a likelihood ratio of 63. Of the eight inconsistent HGP-sc markers, five were localized on the CEL physical map and all five were also inconsistent on the CEL physical map. One marker (D21S1245) that was localized only on the HGP-sc physical map had a likelihood ratio of 63 in support of the genetic order. Likelihood ratio data for the region on chromosome 21 can be found in table 4 along with primer name, map distances, physical map position on CEL and HGP-sc, score and heterozygosity.
Each marker was scored according to the criteria in table 1 and the results are summarized in table 5. Of the 100 chromosome 3 markers, 80 had a genetic and physical order which agreed between all maps. Eight markers were unable to be scored because their physical position was absent on both CEL and HGP-sc maps. Of the remaining 12 markers, five (41.7%) had an order highly suggested by the genetic map, while two (16.7%) had an order highly suggested by the physical map(s). Two of 12 (16.7%) markers were inconclusive but suggestive of the genetic map while 1/12 (8.3%) markers was inclusive but suggestive of the physical map. For two markers (16.7%) it was not possible to suggest whether the inconsistency was due to an error in the genetic or physical map and therefore, these markers were scored as being inconclusive. Similar results were found for chromosome 21 and can also be found in table 5. 
Likelihood ratio calculated only when one (or both) physical position(s) was inconsistent with the genetic map. Likelihood ratio (LR) is calculated for the genetic position of marker compared to the sequence-based physical position of the marker. The case where LR ! 3 does not occur in these datasets. 2 Likelihood ratios are not calculated when the genetic and physical maps are consistent. DeWan/Parrado/Matise/Leal Likelihood ratio (LR) for genetic position of marker compared to the sequence-based physical position of the marker. Positive LR indicates genetic order is favored, negative LR supports sequence-based physical order. 3 Scoring criteria (see table 1 and methods for description of scoring). Physical order does not agree with the genetic order. 6 CEL physical order does not agree with HGP-sc physical order, but both CEL and HGP-sc independently agree with the genetic order (the markers map to the same interval ). Note: markers with zero recombination between them and no order had greater statistical support were ordered according to HGP-sc. To determine the percentage of markers where the genetic and physical maps were consistent, those markers which were scored inconclusive (I) or absent from both physical maps (A) were removed from the total number of markers. The number of markers where the genetic map was consistent (B) was compared to all scored categories (B, G, P, Ig, Ip) except inconclusive (I) and absent from both physical maps (A). It was determined that 88.9% (95% CI 80.5%, 94.5%) and 89.2% (95% CI 78.1%, 96.0%) of the markers in the region on chromosome 3 and 21, respectively, had positions that were consistent between the genetic and physical maps.
To determine the percentage of markers which may be incorrectly ordered on the genetic map, the total number of markers which could be scored as physical map highly suggested (P) or inconclusive but physical map suggested (Ip) was compared to all scored categories (B, G, P, Ig, Ip) except inconclusive (I) and absent from both physical maps (A). It was found that 3.3% (95% CI 0.6%, 9.4%) of the markers in the chromosome 3 region may be incorrectly ordered on the genetic map, while 7.1% (95% CI 2.0%, 17.2%) of the markers in the chromosome 21 region may be incorrectly ordered on the genetic map.
Fine Mapping
On chromosome 3 there were a total of 28 intervals (see Methods for description) within the F30 cM region (table 6). A total of 28 markers were selected, one from each interval, with an average distance of 1.17 cM. The relative position of 17 of the markers was supported by a likelihood ratio of 63. The position of 12 markers was absent on the CEL physical map, one marker could not be localized on the HGP-sc physical map and none of the markers were absent on both CEL and HGP-sc physical maps. The genetic order of all markers was confirmed by sequencebased physical map order on CEL, HGP-sc or both. One marker had a sequence position on CEL that was inconsistent with the genetic map, but was consistent between HGP-sc and the genetic map.
Discussion
The order of the markers on the genetic maps and the sequence-based physical maps for the most part are consistent, although a few inconsistencies were found between the genetic and physical maps. Genetic markers can be incorrectly ordered due to genotyping errors [19] and due to the limited number of meioses used to build the maps [4] . In physical maps errors can occur during assembly, in-silico mapping and annotation.
For eight markers that were inconsistent with one or both of the physical maps it was demonstrated that the order given by the Marshfield genetic map was not the Likelihood ratio (LR) for genetic position of marker compared to the sequence-based physical position of the marker. Positive LR indicates genetic order is favored, negative LR supports sequence-based physical order. 3 Scoring criteria (see table 1 and methods for description of scoring). Physical order does not agree with the genetic order. 6 Marker assigned a physical position using e-PCR. Order: D3S3588 D3S3717 (LR = 0.00). 7 Physical order does not agree with genetic order.
order with the highest level of statistical support. This can occur when constructing genetic maps using a heuristic approach such as the one implemented in CRI-MAP [18] , because the likelihood is not computed and compared for all possible marker orders. For these regions the best order was then considered to be the one supported by the sequence-based physical maps and scored as either physical map highly suggested (P) or inclusive, physical map suggested (Ip).
There is one example where the Marshfield genetic marker order for a marker position (D3S3717) was supported by a likelihood ratio of 5.4 when compared to the marker order given by both CEL and HGP-sc physical maps. In this circumstance it is difficult to conclude whether it is the genetic or sequence-based physical maps that are incorrect.
It should be noted that for the genetic maps it is usually not possible to distinguish the order of markers that have no recombination events between them. However, recom-bination events with other more distant markers may help to suggest a relative order for the completely linked markers, but the level of support for this order over transposed orders will be low.
The estimate of the map distances between markers on the genetic maps may be inaccurate due to the limited number of meioses used to generate the Marshfield maps (i.e. ^184 for the majority of markers) [4] . The number of informative meioses for two markers will depend on the heterozygosity of these markers and on the number of individuals genotyped. For the chromosome 3 and 21 regions, based upon the Marshfield genotype data, the average number of informative meioses for adjacent marker pairs is 84.9 (95% CI 78.4, 91.4) and 68.2 (95% CI 58.9, 77.5), respectively.
Fine Mapping
Although for the most part the order of the markers on the genetic maps was correct, there were some instances where it was shown that the genetic order of the markers was incorrect or it was not possible to substantiate whether or not the genetic map order was correct. Therefore, it is suggested that information from genetic maps and physical maps can be combined to increase the prospect that the correct order of the markers is determined for fine mapping. An example of how this can be done is given for the F30 cM region on chromosome 3 (table 6) . Markers are selected in order to obtain the smallest non-zero genetic distance between markers. Since multiple markers often map to the same interval (i.e. no recombination between a group of markers), a marker is selected from an interval based upon: (1) if its sequence-based physical map position agrees with the genetic map; (2) the heterozygosity of the marker; and (3) its position is supported by a likelihood ratio of 63. In most instances, the sequencebased physical position will agree with the genetic map for all markers within an interval. If this is not the case, any markers whose position does not agree with the sequencebased physical map, should not be considered for inclusion on the fine map. E-PCR can be used to try to localize markers whose position is absent on sequenced-based physical maps. To rank the markers which are considered for selection within an interval, the highest priority is marker order agreement between genetic and physical maps and the second priority is highest level of marker heterozygosity. Once the markers have initially been selected for fine mapping, the likelihood ratio order of support for the genetic maps is calculated by comparing the published order with alternative orders. While it is usually not possible to obtain a likelihood ratio of 63 for the order of the markers for fine maps, reaching this level of support is critical when there is no sequence-based physical map information for a marker which will be incorporated into the fine map. If these criteria are not met, one or more markers should be substituted with other marker(s) from the same interval. In addition, marker substitutions may be made to aid in multiplexing panels.
For the region on chromosome 3, it was not always possible to select those markers which were both in the sequence-based physical map and had the highest heterozygosity, since the physical order of these markers was not always consistent with the best order suggested by the likelihood ratio. For example for marker D3S2321 (Het 0.94), its position on the genetic and physical map was consistent but this order had a likelihood ratio of -0.00003, thus demonstrating that an alternative genetic map order had a slightly higher level of support (data not shown). Therefore D3S2321 was substituted with marker D3S1578 (Het 0.88) whose likelihood ratio support for its position on the genetic and physical map was 13. Although marker D3S3522 was inconsistent with the CEL physical map, it was still selected for fine mapping, because the genetic order was supported by a likelihood ratio of 13 and the genetic map was consistent with the HGP-sc physical map. The other marker, D3S3658, in this interval was also inconsistent with the CEL physical map and although it was consistent with the HGP-sc physical map, it had a lower level of likelihood ratio support in addition to having a lower heterozygosity. For markers D3S3717 and D3S3588, the likelihood ratio support for their order is 0.0. Marker D3S3717 is the only marker within its interval. Marker D3S3588 has the highest heterozygosity and the other two markers within the same interval also have a likelihood ratio of 0.0 for this genetic map position. Although the likelihood ratio is 0.0 for markers D3S3717 and D3S3588, the CEL and HGPsc physical maps confirm their genetic map position.
Once fine mapping has been completed, it may be beneficial to further refine the region for a disease locus by genotyping all available markers whose position is substantiated by the physical map within the disease interval (i.e. determined by haplotypes or support intervals). Even in the case where this strategy cannot reduce the genetic map region to which a disease locus maps, it can help to refine the physical region [20, 21] . For linkage disequilibrium mapping, all markers in a region whose order has been substantiated by sequenced-based physical maps can be utilized, whether or not a genetic distance separates the markers.
While it is recognized that the sequence-based physical maps continue to be updated and eventually the order of genetic markers will be known without error, there is still utility in comparing genetic and sequence-based physical maps at this stage. We have described a method that can be employed for evaluating the order of markers based on both sequence-based physical and genetic maps. This method will continue to be valuable to researchers as it is a straight-forward tool for integrating information from genetic and sequence-based physical maps which is necessary to generate dense maps of markers for fine-mapping trait loci.
The genetic and sequenced-based physical maps have a good agreement. There are regions where the genetic maps have low levels of statistical support, but in most instances the relative order was consistent with sequencebased physical maps. In the case were there was no support for a given marker (markers completely linked), the sequence-based physical maps provided information which was beneficial to order these markers. In addition, sequence-based physical maps are useful to verify the order of markers on genetic maps. This is especially true for closely spaced markers, such as those used in fine mapping.
